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Several recent works have reported the detection of an unidentified X-ray line at 3.55 keV, which
could possibly be attributed to the decay of dark matter (DM) particles in the halos of galaxy
clusters and in the M31 galaxy. We analyze all publicly-available XMM-Newton data of dwarf
spheroidal galaxies to test the possible DM origin of the line. Dwarf spheroidal galaxies have high
mass-to-light ratios and their interstellar medium is not a source of diffuse X-ray emission, thus they
are expected to provide the cleanest DM decay line signal. Our analysis shows no evidence for the
presence of the line in the stacked spectra of the dwarf galaxies. It excludes the sterile neutrino DM
decay origin of the 3.5 keV line reported by Bulbul et al. (2014) at the level of 4.1σ under standard
assumptions about the Galactic DM column density in the direction of selected dwarf galaxies and
at the level of 3.2σ assuming minimal Galactic DM column density. Our analysis is still consistent
with the estimate of sterile neutrino DM parameters by Boyarsky et al. (2014), because of its larger
uncertainty. However, the central value of their estimate of the mixing angle is inconsistent with
our dwarf spheroidals data at 3.4σ (2.5σ) level assuming the mean (minimal) Galactic DM column
density. As a by-product of our analysis, we provide updated upper limits to the mixing angle of
sterile neutrino DM in the mass range between 2 and 20 keV.
I. INTRODUCTION
In a recent work, Bulbul et al. [1], Boyarsky et al.
[2] reported the detection of an unidentified 3.55 keV
line in the analysis of stacked data on galaxy clusters
observed by XMM-Newton, in the observations of indi-
vidual galaxy clusters (Perseus) and in the Andromeda
galaxy. In the absence of obvious options for this line
to be of instrumental/astrophysical origin (see, however,
Jeltema and Profumo [3]), the authors invoked the pos-
sibility for the line to be produced in the decay of Dark
Matter (DM) particles populating the halos of the con-
sidered structures. Assuming a sterile-neutrino nature
of the decaying DM (see e.g. Dodelson and Widrow
[4], Asaka et al. [5], Lattanzi and Valle [6] and ref-
erences therein), Bulbul et al. [1] obtained a value of
sin2(2θ) ∼ 6.8×10−11 for the the mixing angle of the ster-
ile neutrino and a particle mass mDM of 7.1 keV. These
parameters are consistent with the previously-derived
upper bounds on sin2(2θ) from observations of the ex-
tragalactic diffuse X-ray background [7, 8]; galaxy clus-
ters [9–11]; the Milky Way, Andromeda (M31) and Trian-
gulum (M33) galaxies [8, 9, 12–16] and individual dwarf
spheroidal (dSph) satellites of the Milky Way [13, 17–22].
The signal from decaying DM is expected to be
strongest from the most nearby source, our own Milky
Way galaxy. However, the signal is distributed over the
entire sky, so that it is not straightforward to look for this
signal using narrow-field X-ray telescopes. Besides, the
radial density profile of DM in the Milky Way is some-
what uncertain, especially in its central part, where a
significant contribution to the overall matter content of
the Galaxy comes from the baryons. Recently Riemer-
Sorensen [23] analyzed Chandra data on the Galactic
Center (GC) region, finding no clear evidence for the
3.55 keV line (see however Boyarsky et al. [24]). The
non-detection of the signal from the GC was found to
be consistent with the existence of the DM sterile neu-
trino with parameters suggested by Bulbul et al. [1] for
the most conservative assumptions on the DM density
profile in the innermost part of the Galaxy.
The signal from the Milky Way halo is superimposed
on approximately equally strong signal from the DM
halos of nearby dSph galaxies in the direction of these
sources. Combining the two signals and additionally
stacking the signal from all the observed dSph systems,
an improved sensitivity to the DM decay line can be ob-
tained compared to the previously-reported constraints
from the Milky Way or individual dSph galaxies.
In the following, we perform a stacked analysis of dSph
galaxies using XMM-Newton data. In spite of a shorter
overall exposure compared to the stacked galaxy cluster
dataset analyzed by Bulbul et al. [1], the signal from the
dSph is cleaner than in galaxy clusters, because the inter-
stellar medium of dSph galaxies is not a source of thermal
X-ray emission, contrary to the intracluster medium of
the galaxy clusters. The work presented here is orga-
nized as follows. In the next section, we discuss the ex-
pected flux level from the dSph galaxies (Sect. II A) and
the contribution of the Milky Way (MW) halo to the
observed signal in Sect.II B. The details of the XMM-
Newton observations and of the analysis procedure are
given in Sect. III. Finally, the results are summarized
and discussed in Sect. IV.
2II. EXPECTED SIGNAL FROM DM DECAY
A. dSph galaxies
The decay of DM particles of mass mDM results in a
line at the energy ǫ = mDM/2 and flux
F =
ΓMDM,FoV
4πd2mDM
(1)
where MDM,FoV is the total DM mass within the field
of view (FoV) of the telescope. In the case of sterile
neutrinos, the radiative decay width Γ can be written as
[25]
Γ =
9αG2F
256 · 4π4
sin2 2θDMm
5
DM
≃ 1.7× 10−28
[
θ2DM
1.75× 10−11
] [ mDM
7.1 keV
]5
s−1 (2)
where we have normalized the mixing angle θDM and
mDM to the values reported in Bulbul et al. [1]. Substi-
tuting this expression into Eq. 1 one finds the flux from
dwarf spheroidal in the field of view to be
FdSph ≃ 2.4× 10
−7
[
θ2DM
1.75× 10−11
] [ mDM
7.1 keV
]4
[
d
100 kpc
]−2 [
MDM,FoV
107M⊙
]
ph
cm2s
(3)
Note, that the flux (3) does not depend on the ex-
act DM distribution, but only on the total mass inside
the telescope’s FoV. The latter can be measured with
greater accuracy than the measurement of a profile. The
uncertainty in the expected DM decay flux (3) can be
directly propagated from the uncertainties inMDM mea-
surements.
In our work we consider the sample of dwarf spheroidal
galaxies presented by Wolf et al. [26], where the authors
obtained accurate estimates of the DM mass inside the
half-light radius, i.e. the radius within which half of the
total light is observed. The choice of this integration ra-
dius is motivated by the fact that this radius minimizes
the uncertainty in the enclosed mass. In Table I we sum-
marize the available data on dSphs for which archival
XMM-Newton data are available. These data (from Wolf
et al. [26]) quote the mass estimatesM1/2 within the half-
light radius sphere, together with the uncertainties and
the values of the half-light radius both in physical (r1/2)
and angular (θ1/2) size. For comparison we also show
the masses within the columns out to r1/2 from the re-
cent work Geringer-Sameth et al. [27], where available.
For a number of dSphs (e.g. Ursa Minor), the half-
light radius exceeds the size of the XMM-Newton FoV,
θFoV ≃ 15
′. This implies that only a fraction of the DM
decay signal is visible in a single XMM-Newton pointing.
We take this into account for the estimation of the DM
flux from these particular galaxies. Namely, we assume
Name d M1/2 r1/2 θ1/2 Mcol,1/2
kpc 107M⊙ kpc arcmin 10
7M⊙
Carina 105± 2 0.95+0.095−0.09 0.334 10.9 1.9
+0.4
−0.3
Draco 76± 5 2.11+0.31−0.31 0.291 13.2 3.9
+0.6
−0.5
Fornax 147± 3 7.39+0.41−0.36 0.944 22.1 6.7
+0.2
−0.3
Leo I 254± 18 2.21+0.24−0.24 0.388 5.3 5.5
+0.8
−0.6
Ursa Minor 77± 4 5.56+0.79−0.72 0.588 26.3 3.3
+0.5
−0.5
Ursa Major II 32± 4 0.79+0.56−0.31 0.184 19.8 0.8
+0.6
−0.3
Willman I 38± 7 0.04+0.02−0.02 0.033 3.0 –
NGC 185 616± 26 29.3+10.2−7.7 0.355 2.0 –
TABLE I: Parameters of dwarf spheroidal galaxies considered
in the analysis. The distances to the dwarves(d, kpc), half-
light radii (r1/2,kpc and θ1/2, arcmin) and the masses within
half-light radii sphere ( M1/2, 10
7M⊙ ) are taken from Wolf
et al. [26]. The column masses within half-light radii are from
Geringer-Sameth et al. [27], see text for the details.
that the mass within the FoV scales asMDM,FoV ∼ θFoV
for the sources with θ1/2 > θFoV , taking into account
the fact that the velocity dispersion profiles of dSphs are
flat, see e.g. Walker et al. [28], Walker [29] and refer-
ences therein. The centres of the field-of-view for most
observations are slightly displaced from the dSphs centre
positions, so that the maximal angular distance from the
centre is typically smaller than the full FoV size. For
sources spanning the full FoV we restrict the analysis to
the region θmax = 12
′ around the source centre.
B. Milky Way
The DM decay flux from the Milky Way halo is typi-
cally comparable to the flux from isolated distant sources,
like dSph galaxies or galaxy clusters [30]. The flux from
DM decay in the Milky Way within the telescope field-
of-view ΩFoV ,
F =
ΓΩFoV S
4πmDM
(4)
is determined by the column density of the DM
S =
∞∫
0
ρDM
(√
r2⊙ − 2zr⊙ cosφ+ z2
)
dz (5)
where r⊙ = 8.5 kpc is the distance from the Sun to
the centre of our Galaxy and the angle φ relates to the
galactic coordinates (l, b) as cosφ = cos b cos l.
For a source of angular size θ, the contribution of the
MW to the DM decay flux is
FMW = 1.1× 10
−6
[
θ
θFoV
]2 [
S
1022GeV/cm
2
]
[
θ2DM
1.75× 10−11
] [ mDM
7.1 keV
]4
ph/cm2s (6)
3To estimate the column density S of Galactic DM in
different directions, we adopt the models of the DM halo
of the Milky Way discussed by Klypin et al. [31]. Klypin
et al. [31] have adopted the Navarro-Frenk-White (NFW,
Navarro et al. [32]) profile
ρNFW (r) =
ρsr
3
s
r(r + rs)2
(7)
in which the characteristic density ρs and radius rs are
free parameters estimated from the data.
The uncertainty in the column density as well as in
the radial DM density profile arises from the difficulty
of disentangling contributions from the visible and DM
components to the Galaxy rotation curve. In what fol-
lows we consider the “favoured NFW” model of Klypin
et al. [31] for the estimate of the mean Milky Way DM
column density in the direction of individual dSphs (with
ρs = 4.9 × 10
6 M⊙kpc
−3, rs = 21.5 kpc). To estimate
how the uncertainty propagates to the limits on the mix-
ing angle of sterile neutrino DM, we also consider the
column densities of Galactic DM deduced from the “max-
imal disk model” (ρs = 0.6×10
6 M⊙kpc
−3, rs = 46 kpc)
of Klypin et al. [31]. We refer to this estimate as the min-
imal Galactic DM contribution to the signal. For each
position in the sky the minimal DM column density is
2-3 times lower than the estimated mean column density.
The expected Galactic contribution to the DM decay
flux from individual dSphs is given in Table II. The total
expected DM decay flux from the direction of each dSph
galaxy is the sum of the fluxes given in Eqs. (3) and
(6). The expected fluxes FdSph are given in two column
format for the mass estimations by Wolf et al. [26] and
Geringer-Sameth et al. [27] correspondingly.
III. OBSERVATIONS AND DATA ANALYSIS
The details of the XMM-Newton observations of the
dSph galaxies selected for this analysis are summarized
in Table III. We collected all publicly-available observa-
tions of eight dSphs with exposures exceeding 10 ks. The
total exposure time of the observations is ∼ 0.6 Msec. In
most cases, the observations were already used for the
search of the DM decay signal and upper bounds on the
sterile-neutrino DM mixing angle were already derived
on a source-by-source basis [19–21]. The goal of our re-
analysis of these data is to stack the signal from all the
dSphs to increase our sensitivity to the DM decay line.
We processed the raw data with the ESAS (v.0.9.28
as part of XMM SAS v.13.5) reduction scheme [33][40]
using the calibration files from May 2014. Within this
scheme, we produced cleaned event files by removing the
periods of soft proton flares. After the flare removal, we
performed a self-consistency check on the level of contri-
bution of residual soft protons to the background flux,
following Leccardi and Molendi [34]. This contribution
is found to be less than ∼ 20% in all observations. In
Object Exposure, FdSph, FMW,mean FMW,min
107 cm2s 10−7cts/cm2/s 10−7cts/cm2/s 10−7cts/cm2/s
Carina 1.41 2.1+0.21−0.20 4.1
+0.9
−0.7 5.9 2.7
Draco 6.23 8.0+1.2−1.2 14.7
+2.3
−1.9 8.1 3.6
Fornax 5.35 4.5+0.25−0.22 4.0
+0.12
−0.20 6.9 3.2
Leo 5.03 0.8+0.09−0.09 2.0
+0.3
−0.2 1.2 0.56
NGC185 12.75 1.9+0.66−0.50 – 0.4 0.15
UMa II 0.87 11.2+7.95−4.4 11.4
+8.5
−4.3 5.6 2.7
UMi 0.86 10.3+1.45−1.33 6.1
+0.9
−0.9 7.0 3.2
Willman 8.36 0.7+0.35−0.35 – 0.4 0.2
TOTAL 40.86 3.17+0.71−0.58 4.26
+0.91
−0.7 3.0 1.4
TABLE II: Expected fluxes from DM decay line with pa-
rameters corresponding to Bulbul et al. [1]. For each dwarf
spheroidal galaxy the expected flux is split into two compo-
nents: the signal from the dwarf itself (Fdsph, see Eq. 3) and
from the Milky Way (FMW , see Eq. 6). For the MW contri-
bution flux estimates are given for both mean and minimal
DM profiles.The two columns for FdSph correspond to the
flux values from M1/2 mass estimations by Wolf et al. [26]
and Geringer-Sameth et al. [27] correspondingly.
any case, the spectrum of the soft protons is featureless,
so our line search is unaffected by soft-proton contami-
nation.
We masked all the detected point sources in the FoV
using the ESAS task cheese, such that only the signal
from the extended DM halo of the dSphs is taken into
account. We then extracted spectra and images of the
extended emission using the ESAS tasks mos-spectra
and pn-spectra. These tools use a collection of closed-
filter data to estimate the local non X-ray background
(NXB) by scaling the normalization of the closed-filter
spectra to match the count rates measured in the unex-
posed corners of each of the three EPIC detectors.
We stacked the spectra of all the dSph observations
using the addspec routine, to obtain mean MOS1+MOS2
and pn spectra. We then fitted the resulting spectra in
the 0.7-10 keV energy band with the sum of models rep-
resenting the astrophysical and NXB contributions. We
ignored the energy interval 1.2-1.8 keV from the fit, as
this range is affected by the presence of strong and time-
variable Si Kα and Al Kα fluorescence lines.
Instead of subtracting the NXB spectra directly from
the data, we modelled the NXB spectrum using a phe-
nomenological model including all known fluorescence
lines (see Appendix B of Leccardi and Molendi [34]) and
added this model as an additive component to the fit.
This method has the advantage of retaining the origi-
nal statistics of the spectrum and allowing for possible
variations of the NXB level, e.g. caused by soft protons.
During the fitting procedure, we fixed the spectral shape
of the particle-induced continuum to the values obtained
from the closed-filter data, since this component is known
to be stable with time [34]. On the other hand, we leave
the normalizations of the instrumental lines free while fit-
4Obs Id Name Duration, Clean exposure,
ksec ksec
0200500201 Carina 41.9 19.2+16.7+8.4
0603190101 Draco 19.0 17.5+17.9+14.3
0603190201 Draco 19.9 18.5+18.2+14.7
0603190301 Draco 17.7 12.2+12.6+6.3
0603190501 Draco 19.9 18.6+18.5+14.9
0302500101 Fornax 103.9 65.1+65.9+53.0
0555870201 Leo 94.0 75.4+77.1+0
0652210101 NGC 185 123.5 91.4+96.2+66.7
0650180201 UMa II 34.3 11.7+12.5+7.4
0301690401 UMi 11.8 10.8+10.9+7.9
0652810101 Willman 29.3 15.0+19.0+9.5
0652810301 Willman 36.0 21.9+23.2+15.5
0652810401 Willman 36.2 27.5+28.5+16.2
TOTAL 602.3 404.8+417.2+232.8
TABLE III: XMM-Newton observations of dwarf spheroidals
considered in this analysis. The total exposure time is given
as the sum of effective exposures for the MOS1, MOS2 and pn
cameras individually. The total clean exposure is ∼ 0.6 Msec
ting. In the case of the pn camera we also need to model
the Ca line at ∼ 4.6 keV. We note that no instrumental
line is observed between 3 and 4 keV, thus this analy-
sis is suitable for the detection of an additional emission
line in this energy range. For the details of the analysis
procedure, we refer the reader to Eckert et al. [35].
The astrophysical background and foreground contri-
bution is modelled as the sum of a power law representing
the cosmic X-ray background (CXB) and two apecmodels
for the Galactic emission. The combined fit is reasonably
good, with χ2/DOF = 595.5/576. In Fig. 1 we show the
stacked spectra and best-fit model for pn (red) and MOS
(black). The residuals from the fit are displayed in the
bottom panel of the figures. The main parameters of the
fit are given in Table IV. The fit requires the presence
of a rather hot component at the temperature of ∼ 0.9
keV, which is significantly higher than the typical tem-
perature [36]; however the temperature of the Galactic
halo is known to vary significantly from one direction to
another, and thus such a result is not unusual [37]. In
any case, we note that the foreground emission from the
MW halo is very soft compared to the energy range of
interest for this study (see Fig. 1), such that the exact
temperature of the foreground component has little influ-
ence on our analysis. Moreover, the spectral slope of the
CXB, which is the dominant sky component beyond ∼ 1
keV, is in excellent agreement with the canonical value
of 1.4 [e.g. 38]. The normalization of the CXB in each
individual observation was also found to agree with the
measurement of De Luca and Molendi [38]. A closer look
at the residuals in the range of interest for this analysis,
i.e. the range between 2 and 4 keV, is shown in Fig. 2.
To search for the DM decay line, we added to the model
a narrow gaussian line at a fixed energy of 3.55 keV. The
Model name Parameter Value Error
apec1 kT,keV 0.91 0.05
apec1 norm 3.5·10−5 0.5·10−5
apec2 kT, keV 0.35 0.06
apec2 norm 2.9·10−5 0.7·10−5
powerlaw PhoIndex 1.34 0.05
powerlaw norm 1.2·10−4 6.0·10−6
TABLE IV: Parameters of the fit of the stacked spectra of
dSphs with the reference background model.
addition of such a line does not provide a significant im-
provement to the fit. To compute upper limits to the line
flux marginalizing over all uncertainties, we sampled the
likelihood using a Markov chain Monte Carlo (MCMC)
method as implemented in XSPEC v12.8. After an ini-
tial burning phase of 5,000 steps, we performed 50,000
MCMC steps and drew the posterior distributions from
the resulting chain. The output distribution for the line
flux is shown in Fig. 3. From this distribution we ob-
tained upper limits to the line flux of 2.97 × 10−7 phot
cm−2 s−1 (90% confidence level) and 4.74 × 10−7 phot
cm−2 s−1 (3σ). In addition, we also performed a search
for the DM decay line in the entire energy range 2-10 keV,
which did not give any positive results. From this analy-
sis we derived an energy-dependent upper bound on the
line flux.
The contribution of the individual dSph galaxies to
the XMM-Newton signal could be calculated using the
information on the instrument effective area Ai (found
using the plot efficiency command in XSPEC) and the
clean exposure ti in each observation. If the expected
flux of the DM decay line in the ith observation is Fi, the
expected number of DM decay photons is Ni = FiAiti.
The mean DM decay flux in the entire stacked dataset is
then
〈F 〉 =
∑
i
FiAiti∑
i
Aiti
, (8)
with the sum being performed over all dSphs observa-
tions.
Table II gives the information on Ai and ti in each ob-
servation, together with the estimate of the expected DM
decay line flux calculated assuming the sterile neutrino
DM parameters suggested by the observations of Bulbul
et al. [1].
IV. RESULTS AND DISCUSSION
Our analysis of the stacked sample of dSph galax-
ies provides a moderate improvement of constraints on
the parameters for sterile neutrino DM, compared to the
previously-derived bounds based on the previous observa-
tions of the diffuse X-ray background, of individual dSph
galaxies, of the Milky Way and of galaxy clusters.
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line flux in the stacked dSph dataset, obtained through 50,000
MCMC sampling of the likelihood function.
expected to be seen in the combination of observations
of all dwarves is Fmean ∼ 6.2 ± 0.7 × 10
−7 cts/s/cm2
for mean dark matter column density in the MW and
6FIG. 4: Exclusion plot on sterile neutrino mass – mixing angle
plane. All parameter values above the curves are excluded.
The solid dark green and light green lines show the 2σ con-
straints for minimal and mean dark matter column density in
the Milky Way, respectively. The red point with error bars
indicates the parameter values reported by Bulbul et al. [1].
The dashed line indicates the M31 constraints from Horiuchi
et al. [39].
Fmin ∼ 4.6 ± 0.6 × 10
−7 cts/s/cm2 for minimal Galac-
tic DM column density for DM mass estimates from Wolf
et al. [26]. In the case of Geringer-Sameth et al. [27] mass
estimates the reference values are Fmean ∼ 7.3 ± 0.8 ×
10−7 cts/s/cm2 and Fmin ∼ 5.7± 0.8× 10
−7 cts/s/cm2.
Such a flux was expected to be detected at 3.5σ(4.1σ) or
2.8σ(3.2σ) levels for the mean / minimal Galactic DM
column density models in the stacked dSph dataset for
Wolf et al. [26] (Geringer-Sameth et al. [27]) mass esti-
mates. The non-detection of the DM line in the analyzed
data sets is, therefore, inconsistent with the assumption
that the unidentified line at 3.55 keV is produced by de-
caying sterile-neutrino DM with parameters suggested by
the analysis of Bulbul et al. [1].
This is illustrated by Fig. 4, where we plot the 2σ up-
per limits on the mixing angle of the DM sterile neutrino
as a function of the DM particle mass, assuming quoted
by Geringer-Sameth et al. [27] dSphs masses. The value
of sin2(2θ) derived by Bulbul et al. [1] is above the 2σ
upper bound for both the mean and minimal Galactic
DM column density models.
The calculation of the DM decay line flux from the di-
rection of galaxy clusters by Bulbul et al. [1] does not in-
clude the flux from the foreground DM halo of the Milky
Way. This is justified if the foreground flux is subtracted
in the analysis of the spectra of the galaxy clusters. This
is not the case in the analysis of Bulbul et al. [1], who
modelled the cluster spectra together with the instrumen-
tal and sky background / foreground in a way similar to
the approach adopter here. In this case, the flux from DM
decay in the MW halo should, in principle, be included
in the calculation of the line flux [30]. This should result
in a somewhat lower value of the sterile neutrino mixing
angle sin2(2θ) from the observed line flux. This effect
might potentially relax the inconsistency of the Bulbul
et al. [1] result with the dSph data reported here.
The estimates of sin2(2θ) derived by Boyarsky et al.
[2] from the analysis of M31 and of the Perseus galaxy
cluster are much more uncertain than those derived from
the stacked galaxy cluster sample, because of the much
larger uncertainty in the DM column density in the two
particular individual sources. Taking into account a
roughly order-of-magnitude uncertainty in the estimate
of sin2(2θ) derived from the analysis of Boyarsky et al.
[2], one could see that our constraints on the DM param-
eters derived from the dSph data are still consistent with
the results of Boyarsky et al. [2].
However, the central value of the estimate of sin2(2θ) ∼
5 · 10−11 from Boyarsky et al. [2] is inconsistent with the
limits from dSphs at the level of 3.4σ(2.5σ) assuming the
mean (minimal) Galactic DM column density and taking
the column (rather than within-a-ball) mass within half-
light radius estimates of Geringer-Sameth et al. [27].
Our analysis is only marginally ruling out the possi-
bility of the DM decay origin of the unidentified line
at 3.55 keV. An increase of the sensitivity by a factor
of ∼ 2 is necessary to firmly rule out the DM decay
line hypothesis for the line origin. This is possible al-
ready with XMM-Newton (rather than with the next-
generation telescopes like ASTRO-H), via a moderate
increase of exposure towards selected dSph galaxies (e.g.
Ursa Minor, Ursa Major II), which are characterized by
strong DM decay line flux, but are currently not domi-
nating the stacked dSph signal because of the relatively
short exposures. Deeper XMM-Newton observations of
these dSphs galaxies would thus be sufficient to test con-
clusively the DM origin of the 3.55 keV line.
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